Abstract: Mode-evolutional multi/demultiplexer for few-mode fibers was demonstrated using stacked polymer waveguides. Owing to the stacked structure, TE 00 , TE 10 , and TE 01 modes, which correspond to LP 01 , LP even 11 , and LP odd 11 modes, respectively, were selectively excited by the fabricated multiplexer. The mode excitation ratio was evaluated from the near-field patterns of excited modes using a mode analysis method called the averaged interference component method that we have developed. The evaluated mode excitation ratio was ranging from 6.4 to 9.7 dB for both transverse electric (TE) and transverse magnetic (TM) polarizations of first-order TE modes within the center and long wavelength (CL)-band.
Introduction
The mode division multiplexing (MDM) technique [1] has been proposed as a new scheme to overcome the capacity crunch. In this novel multiplexing scheme, individual modes guided in an optical fiber which supports several modes, i.e., a few-mode fiber (FMF) [2] are utilized as independent transmission channels. Therefore, the transmission capacity of a fiber can be increased with the number of guided modes. Thus far, some high bit rate and long haul MDM transmission experiments have been demonstrated [3] - [5] using FMFs. In these experiments, the higher order modes, such as LP 11 modes, are excited using bulky free space optical mode multiplexers composed of phase plates and beam splitters. These free space optical multiplexers were not suitable for the integration, and the insertion loss will be large, as the number of modes is increased.
To realize the mode-division multiplexing using few-mode fibers, a mode multi/demultiplexer (MUX/DEMUX) which can selectively excite spatial modes including degenerated modes, is required. Thus far, several types of MUX/DEMUXs have been proposed such as PLC type [6] - [8] , photonic lantern type which is realized using drawn fiber bundles [9] and 3-D laser inscription waveguide [10] , fiber coupler type [11] , [12] , 2-D grating integrated Si waveguide type [13] , [14] , reflective phase plate type [15] , and so on. Among them, the waveguide type mode multiplexer is suitable for the integration with other waveguide type optical functional devices such as wavelength filters and is intrinsically compact compared with fiber type multiplexers. However, some problems remain in the waveguide type devices such as the wavelength and polarization dependences, and small fabrication tolerance. In addition, it is difficult for planer waveguide type devices to integrate monolithically the mode multi/demultiplexers for LP even 11 and LP odd 11 modes, because of the difference of parity of field profiles in the transverse direction. Very recently, in the PLC type multi/demultiplexer, the LP odd 11 mode excitation was realized by mode rotator using slot added waveguide [8] . However, the polarization state of the light guided in the mode rotator wouldn't be maintained. Other waveguide type mode MUX/DEMUXs have been demonstrated using vertical directional coupler [16] , [17] .
In this paper, we propose a mode evolutional serial branching mode multi/de-multiplexer using stacked polymer waveguides [18] and successfully demonstrated the selective mode excitation of TE 00 , TE 10 , and TE 01 modes, which correspond to LP 01 , LP even 11 , and LP odd 11 modes in a few mode fiber. Since this device is based on the adiabatic mode evolution [19] , [20] , which is different from the synchronized mode coupling where the propagation constants of two modes are required to be equal, this device has some features such as large fabrication tolerance, small wavelength and polarization dependences, and the possibility of integration with other waveguide type devices. In the photonic lantern type mode multi/demultiplexers which are also based on the principle of the adiabatic mode evolution, the degenerated modes like LP even 11 and LP odd 11 modes are simultaneously output to two ports in the case of demultiplexing operation, and the phase difference between these two output ports is either 0 or [21] depending on the mode, i.e., LP even 11 mode or LP odd 11 mode. Therefore, an additional device is needed to separate these degenerated modes for the mode demultiplexer, and the phase control device is needed for the multiplexer to excite selectively these degenerated modes. In contrast, the degenerated modes, i.e., LP even 11 and LP odd 11 modes can be selectively excited by choosing proper add port in the mode evolutional serial branching mode multi/de-multiplexer. Fig. 1 shows the schematic view of the mode evolutional multiplexer. The output end is butt coupled to a few-mode fiber which supports the LP 01 , LP even 11 , and LP odd 11 modes. The modeevolutional multiplexer consists of three different types of waveguides. The bus line is the multimode waveguide and its core width is gradually increased along with the propagation direction toward the output end. The add lines are the single mode waveguides and those cores are tapered off and approach gradually the bus line. The add line #1 is formed in the same layer as the bus line waveguide, meanwhile the add line #2 is stacked over the bus line waveguide. Fig. 2 represents the dependence of the equivalent index of the modes on the waveguide width calculated using a numerical mode solver (FemSIM by Rsoft). The core and cladding indices were assumed to be 1.479 for Polymethyl methacrylate (PMMA) and 1.464 for UV-cured Vol. 7, No. 6, December 2015epoxy resin (@wavelength of 1550 nm), respectively. Since the equivalent index of higher order modes to be excited in the bus line becomes larger along with the propagation direction, and that of the fundamental mode in the add line becomes smaller due to the tapering structure, the magnitude relation of the equivalent index between the higher order mode in the bus line and the fundamental mode in the add line is gradually inverted. As a result, the fundamental modes propagating in the add line is adiabatically evolved to the first order mode in the bus line. In the adiabatic mode evolution, there is no need of the matching of propagation constant at any position along the propagation, and there is no specific condition on the device length such as the coupling length.
Principle of Mode-Evolutional Multiplexer
It can be seen that the degeneration between two first order TE modes (TE 01 and TE 10 modes) which correspond to the LP 11 modes in a fiber, can be resolved as the core width and thickness become asymmetric as shown in Fig. 2(a) . In addition, since the TE 01 mode cannot be excited by the add line located in the same layer with the bus line, because the mode overlap integral between the TE 00 mode in the add line in the same plane and the TE 01 mode in the bus line is zero. The overlap integral between TE 10 and TE 01 modes in the bus line is also zero, because these modes are orthogonal to each other. Therefore, the mode crosstalk from TE 01 to TE 10 can be negligible. In the same way, the crosstalk from TE 10 to TE 01 can be negligible. Therefore, to excite the TE 01 mode, the add line for TE 01 mode should be vertically stacked on the bus line.
The mode adiabaticity in a tapered waveguide can be evaluated using the following equation [22] :
where E 1 and E 2 are the normalized field profiles of the local modes, 1 and 2 are the propagation constants of the guided modes, w is a local core width, S is the transverse area of the waveguide, and z is the propagation distance. In our case, E 1 and 1 correspond to the normalized field profile and the propagation constant of the fundamental mode and E 2 and 2 correspond to those of the 1st order mode, i.e., TE 10 or TE 01 . This equation implies that the adiabaticity is guaranteed as the coupling between modes induced by the tapering of the waveguide along with the propagation is small enough. In our device, the tapers of the bus line and the add line are sufficiently slow (see Table 1 in Section 3) and the value of this equation is in the order of 10 À5 of magnitude so that the adiabaticity is assured.
Design of Mode Evolutional Multiplexer
In this work, the mode evolutional multiplexer was designed as a demultiplexer due to the simplicity of numerical analysis. That is, the light signal was injected from the multimode end of the bus waveguide, and detected at the three single mode ports, in this analysis. The core height at the input end was designed to be 8 m. Fig. 3 (a) and (b) show the top view of the analytical models of mode-evolutional demultiplexer and the definition of its structural parameters for TE 10 and TE 01 branching regions. To obtain the optimum waveguide structure, the mode excitation ratio was calculated by varying several major parameters which influence the device property, such as W x and W mid , using a numerical mode solver (BeamPROP by Rsoft). Here, W 10 x and W 10 mid correspond to the widths of the bus and drop lines, respectively, when these waveguides reach their minimum spacing at the TE 10 branching region. W 01 x and W 01 mid are the widths of bus and drop lines, respectively, at the starting point of curvature of the stacked drop line waveguide. The waveguide spacing between the bus line and the stacked add line, y mid , was constant and the core height of the stacked add line, h stack , was designed to be 3.5 m. The calculated results are shown in Fig. 4 . The wavelength was 1550 nm. Here, the mode excitation ratio R E was defined by the ratio of the branched power at the output end of drop line P D to the remaining power at the output end of bus line P B by when each mode (TE 10 or TE 01 ) is intentionally launched, as expressed by following equation:
From these calculated results, the structural parameters of demultiplexer of TE 01 and TE 10 branching regions were determined, as summarized in Table 1 . It is noted that y mid corresponds to the thickness of the intermediate cladding layer between the upper and lower cores in the case of TE 01 branching part. In the TE 01 branching region, since the mode excitation ratio and the crosstalk between TE 01 and TE 00 mode have a trade-off relation, the designed waveguide parameters in Table 1 do not correspond to the peak points of the excitation ratio in Fig. 4(b) . Using these designed parameters, the wavelength dependence of the excitation ratio was calculated, and the results are shown in Fig. 5 . The excitation ratio is greater than 16 dB for TE 10 mode branching, and is greater than 17 dB for TE 01 mode branching within the C-L band.
Fabrication and Loss Measurement
The mode-evolutional multiplexer was made of polymer materials, and was fabricated by spincoating and photolithography process. The core was made of PMMA, and the cladding was made of UV-cured epoxy resin (supplied by NTT-AT) which does not shrink after UV-curing so that the stacked waveguide can be easily fabricated. Fig. 6(a)-(e) shows the fabrication process of the mode-evolutional multiplexer. First, the lower cladding layer, the core layer and the RIE mask layer are formed (see Fig. 6(a) ). Next, the waveguide pattern is formed by photolithography and RIE using O 2 gas (see Fig. 6(b) ). Then, the intermediate cladding layer is formed (Fig. 6(c) ). Subsequently, the upper waveguide layers are formed using the same process.
The cross-sectional microscopic images of fabricated waveguide are shown in Fig. 7(a) for the TE 10 adding region and in Fig. 7(b) for the TE 01 adding region, respectively. It can be seen from Fig. 7(b) that the waveguide of the upper layer was successfully laminated and precisely aligned. Here, the narrowing of the waveguide width resulting from the over exposure of the photolithography and the side etching by the reactive ion etching were observed on the whole chip. The waveguide widths of the under cores (the bus line and the add line #1) were approximately 1.3 m narrower than those of the designed values. That of upper layer (add line #2) was approximately 0.8 m thinner than the designed value. The designed and measured waveguide parameters of fabricated multiplexer are summarized in Table 2 . In the device fabrication, we fabricated some devices simultaneously in a single wafer which have different device parameters, taking into account the fabrication error. However, the systematic data of loss and the crosstalk measurements were obtained only from the device with the parameters shown in Table 2 . Other data were insufficient set of data, e.g., one of output port was broken by the incorporation of bubbles in the polymer and suffered a lot of loss.
Next, the insertion losses of respective ports were measured. To measure the mode multiplexing property, the incident light was launched into the output end of the bus line (port of TE 00 ), the add line #1 (port for TE 10 ) and the add line #2 (port for TE 01 ) shown in Fig. 1 using a single mode fiber and the output power was received at the end of the bus line using a GI-multimode fiber (core diameter of 50 m) and the spectrum analyzer (Anritsu MS9710C). The wavelength of the incident light was varied ranging from 1510 nm to 1640 nm using a wavelength tunable laser (Anritsu MG9541A). Fig. 8 shows the measured results. It can be seen that the insertion loss of the bus line, add line #1, and add line #2 were less than −9.0 dB, −9.1 dB, and −11.6 dB, respectively, within the CL-band. These losses include the absorption loss of the polymer materials (about −2 dB/cm@1550 nm) [23] and the scattering loss caused by the roughness of the core side wall and the air bubbles distributed randomly in the core. The waveguide size was 10 mm length so that the absorption loss of polymer material is evaluated to be −2 dB. The insertion loss of the add line #2 was relatively larger than that of the bus line and the add line #1. TABLE 2 Comparison between deigned and measured waveguide parameters of fabricated multiplexer
The theoretical coupling loss between the waveguide and the single mode fiber at the input end of the multiplexer were evaluated to be −1.7 dB for the bus line and the add line #1 and −3.2 dB for the add line #2. Thus, it can be considered that the loss increase of the add line #2 was attributed to the fiber coupling loss. The loss increase in the wavelength range from 1600 nm to 1640 nm was caused by the wavelength dependence of polymer absorption loss.
NFP Measurement and Mode Excitation Ratio Evaluation Using Averaged Interference Components Method
The fabricated waveguide was used as a multiplexer and the NFP (near-field pattern) from the output end of the bus line waveguide was observed by the measurement setup shown in Fig. 9 . The light from a tunable laser source was launched into each input port of the multiplexer. Then, the excited modes were observed at the output end using InGaAs IR camera (HAMAMATSU Photonics A4859-01). The range of vision was 86:7 m Â 66:0 m as the lens with magnification of 10. The number of pixels within the range of vision was 320 Â 256. Fig. 10 shows the NFP images of the TE 00 , TE 10 , and TE 01 modes observed at the output end of the bus line at the wavelength of 1550 nm. In our previous experiment, we measured the far-field pattern (FFP) of the same device [18] . The mode patterns, however, involved a lot of noise resulting from the scattering at the output end, because the end facet was formed by a dicing saw. At the output end, the position of scatterer does not affect the NFP, because the position of scattered light is located at the same position as that of the normal (non-scattered) output light. On the other hand, the diffraction angle of scattered light is different from the normal output light and so the FFP is largely affected by the scattering. In contrast to this, the NFP does not involve such Vol. 7, No. 6, December 2015noise at the end facet, and we successfully observed clear mode patterns, as shown Fig. 10 . Then, it can be seen from Fig. 10 that the selective mode excitation was successfully demonstrated using the fabricated multiplexer.
From the observed NFP profiles, the mode excitation ratio and its wavelength dependence were evaluated using a mode analysis method called Averaged Interference Components (AIC) method. Here, we defined the mode excitation ratio as the ratio of the power of the fundamental TE mode to that of the TE 01 or TE 10 mode. Here, the crosstalk between the degenerated first order TE modes, i.e., TE 01 and TE 10 was assumed to be negligible owing to the waveguide structure.
Then, the power profile of the guided light composed of the fundamental and the first order TE modes, P mix (see Fig. 11(a) ), is expressed by the following equation:
where A and B are the amplitudes of the fundamental and the first-order TE modes, f m ðx Þ is the field profile of mth mode, and is the phase difference between the fundamental and the first order TE modes. Subsequently, the interfered intensity profile with relative phase difference and þ , can be strictly expressed as shown in Fig. 11(b) and is expressed by
where P ðþÞ mix and P ðÀÞ mix correspond to the power profile of the interference patterns with phase difference and þ , respectively. Due to the parity of f 0 ðx Þ and f 1 ðx Þ
hold. Therefore, the following relation is derived:
Using this relation and by substituting (4) and (5) into (3), (3) can then be rewritten as
where P ðaveÞ mix is the averaged power profile of interfered power profile. As shown in Fig. 11(c) , two peaks of the power profile in the positive and negative x positions can be averaged by summing up the intensity profile for and that for þ . In other words, the interference component of two modes can be eliminated from the original power profile. Once the interference component was removed, each mixed mode component can be easily separated by subtraction, and the mode excitation ratio can be evaluated as described in the following procedure. First, we measured the power profile of the mixed modes by NFP measurement and calculated the averaged mixed mode power profile. Here, the power profile of the fundamental mode P 0 was measured when only the fundamental mode was excited. Then, P 0 can be normalized by "P mix ð0Þ" by the following equation:
Next, the first higher order mode profile can be evaluated by subtracting the normalized fundamental mode profile from the averaged mixed modes power profile 
Finally, the excitation ratio in the mixed mode profile can be evaluated by the ratio of the integrated values of the evaluated power profile of the first-order mode to that of the fundamental mode as the following equation: 
We named this method the Average Interference Component (AIC) method. The advantage of this method is that the scan or shift of wavelength is unnecessary to remove the interference components. Thus far, several types of mode analysis technologies have been developed, and those can be classified roughly into two groups. One is the group which is based on the measurement of propagation characteristics, such as the propagation constant, pulse delay, and back scattering [24] - [26] . Another is the group based on the measurement of field profile at the end of the waveguide [27] - [29] . Since the former methods require the evaluation of the characteristics along with the propagation, it is not suitable for waveguide devices with short length. The latter methods, especially in the OLCI method [28] and S 2 imaging method [29] , need the measurement of multiple wavelengths. In addition, there is a restriction that the fundamental mode should be dominantly excited in the S 2 imaging method. In contrast to these methods, in the AIC method, the multiple measurements at different wavelengths is not needed and the power ratio of fundamental and first higher order modes can be obtained by a simple calculation of measured intensity data. In addition, this method is applicable to waveguide devices with several millimeter length. The restriction is only the need of the intensity profile of fundamental mode. The intensity profile of fundamental mode can be obtained by the careful alignment of incident beam at the input end, and in this device it was obtained when the add port for the fundamental mode was launched. The selective excitation of fundamental mode can be verified if the intensity profile stays unchanged, even when the wavelength of light source is slightly changed. Actually, we verified the selective excitation of fundamental mode by this method. Fig. 12 represents the evaluated results of mode excitation ratio. In the case of TE 10 mode, the mode excitation ratio was ranging from 6.5 dB to 9.7 dB for both the TE and TM polarized modes within the CL-band. In the case of TE 01 mode, the mode excitation ratio was from 6.4 to 8.7 dB for both polarizations within the CL-band.
These evaluated values were small compared with the numerical analysis result shown in Section 3. These deteriorations of mode excitation ratio are attributed to the narrowing of the waveguide width. As shown in Fig. 4(a) , the mode excitation ratio of the multiplexer reaches a peak value when the bus line width W x and the add line width W mid are roughly ranging from 9.0 m to 10.0 m and from 3.2 m to 3.8 m, respectively, in the case of TE 10 excitation. The waveguide width W x and W mid of the fabricated multiplexer, however, were 7.7 m and 2.2 m, respectively as summarized in Table 2 . These waveguide parameters correspond to the mode excitation ratio of 4.9 dB in Fig. 4(a) . The evaluated mode excitation ratio of the fabricated multiplexer do not also coincide with the numerical calculation result in the TE 01 excitation. To verify that the deterioration of the mode excitation ratio was attributed to the narrowing of the waveguide width, the wavelength dependence of the mode excitation ratio was numerically calculated once again using the measured waveguide parameters of fabricated multiplexer. The calculated results were drawn as dotted curves in Fig. 12 . Here, Á is the refractive index contrast between the core and the cladding. It can be seen that the tendency of the wavelength dependences of the measured mode excitation ratio agrees with the theoretical value. The discrepancy between the measured data and the theoretical curves evaluated from the measured sizes of cores seems to be attributed to the ambiguity of Á and core sizes.
Conclusion
The selective mode excitation of TE 00 , TE 10 , and TE 01 modes was successfully demonstrated using a stacked polymer waveguide multiplexer. The insertion loss can be improved by adopting low loss polymer materials or silica waveguide. The mode excitation ratio can be improved optimizing waveguide parameters which may be realized appropriate photomask design anticipating the core thinning.
Since the linearly polarized modes of a fiber, i.e., LP odd 11 and LP even 11 modes, are expanded in terms of TE 10 and TE 01 modes, TE 10 and TE 01 modes involve the LP odd 11 and LP even 11 components in the case of the demultiplexing. Therefore, the MIMO signal processing should be used to decompose the LP odd 11 and LP even 11 modes at the output end of the mode demultiplexer. In the case of demultiplexer the crosstalk from the higher order modes to the fundamental modes can be negligible since the higher order modes will be cutoff due to the tapering structure.
The multiplexer for further higher order modes such as the LP 21 mode may be realized by the stacked waveguide technique. 
